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‘l%e JPL Serpentine Robot:

a 12 DOF System for ]nspection
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4800 Oak G] we Drive
Pasadena, CA 91109-8099

A b s t r a c t

l’he  Serpentine Robot  is a prototype hyper-redundant
(snake-like) mani~)ulator’  system developed at the Jet
Propulsion I,aboratory.  It is designed to navigate and
pcrfornl  tasks in obstructed and constrained cnvi~on-
ments  in which conventional 6 DOI? manipulators can-
not similarly function. ‘I’his paper describes the Ser-
pentine  Robot mmhanical design, a low level inverse
kinematic algorithm  for the joint assemb)y, a brief syn-
opsis of control development to date, and the applica-
tions of this technology.

1 Introduction

l’he Jet Propulsion Lal~oratory  has  been studying the
utility of telerobotics  toward inspection tasks  in space,
and for the space station in particular [6]. Inspection
tasks can include scanning  the surface for flaws a~ld
impact, damage, temperature anomalies, stress cracks,
and gas leaks. lIowevcr,  not  all surfaces (or inspection
areas in general) are  easily accessible With a telerobotic
manipulator. The 8 DOF  arm  used within the JI’L
Remote  Surface Insl)cction  I,aboratory, although quite
dextrous,  has lilni~ations  in its ability to reach around
and throllgb  colnplex  and obstructed environments.

Serpentine rol)ot  technology [1, 2, 3] is designccl
to be able to navigate these  tlyl)es of congested cn-
vironmcntls by incorl)oratin.g  many degrees of free-
dom (IX3F) into the d e s i g n . ‘l%is technology of-
ten involves novel mechanical designs arid control ap-
proaches. This paper focuses on the J]’], Serpentine
ltobotf lncchauical  design and low level control, thus
high level control schcmcs  arc only briefly discussed.

‘1’his  l)al)er is organized as follows: Tile next  section
descril)cs  the rol)ot  systcm  design and lists its overall
spe~ificati~ns.  Section  ~ descril)cs  the d~simr  details  Of
the serl)cntine  robot 2-DOF  joint, and the kinematic
methods that can be used to control the motors, irt-
cludillg  an inverse kinematic algorithm for this systcm.

Figure  1: The Sm})cntinc Robot in an obstructed
works~)acc.

Section 4 briefly outlilics  how high level control n~eth-
ods can be applied to control  the redundant joints of
the serpentine rol)ot. Section 5 describes inspection
applications for tl~c scrl)entine  robotjs. Finally, the
paper ends with conclusio]is and acknowledgements in
Section 6.

2 Serpentine Robot System
Design

‘1’hc {icsired applicalioll  of t}lc scr~)c~ktinc Robot inl-
poses design requirmncnts  uncommon to conventional
robots. It must be collL1)act  but very capable of nav-
igati]lg  obstructed worksitcs. The following features
arc clcsired:
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Figure  3: The  control system  hardware architecture.

3 Mechanical Design of the
Se~*pentine Robot Joint

The key to accomplishing the pcrforma~lce requirc-
nlellts  is the mechanical design of the serpentine joint.
It was dt-wclopcd  from a design originally by Ikcda  and
‘1’akanashi  [5] of the NRC Corporation. l’his  original
design put, forth the the concept of an active univer-
sal joint. ‘1’hc Jet l’repulsion Laboratory innovative
illll)lc~llclltatioll  of this joint places the universal joint
strllcture within the gear-head and bearin~  assembly,
thercl~y enabling the gear-head and bearinp;  system to
handle  larger  loads and to accommodate a center lEUSS
through for wires and fiber  optics.

The kinclnatics  of the joint is developed below, an
algorithm to solve t,}lc inverse kinematics is prescntccl,
and the forward diffcrc~(tial  kinematics arc discussed
to provide more insit;ht.

3 . 1  Joint K i n e m a t i c s

k’igurc 4 depicts a kinc]natic  diagram of the joint
which is then redrawn as two separate set of frames,
the internal universal joint is shown in Fi~;urc 5 and
the external gear-lmaring-gear systelo  is shown in Fig-
ure 6. Consider frame A and frame B, which have
co-located origins at t,hc intersection of the axes of the
universal joint, where A is att,achcd  to the base and
R is attached to the output link (SCC Figure  5). The
internal structure of the Ilnivcrsa] joint will only pcr-
Init a yaw and l)itch motion bet,wccn fra~nes A and B.
Th[M, the relationship of frame B with respect to A
is writtcll in Equation 2 as a homogeneous transform
that is a function of a (yaw) rotation a shout, the ncg-
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Figure 4: The  kinelnatic  diagram of the Serpentine
ILobot jc,int, showing t}le internal universal joint and
the cxtcrna]  gcarhcad-l)caring-gcarhead  system.
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Figure 6: ‘J’hc kinematic frames of the gearhcad-
hearing-gearhead system in tcrlns of the motor 1,
bearing, and motor  2 angles.

at,ivc Ya axis to form t,hc intcmnediate  frame A’ and
then a (pitch) rotation 7 shout the X~~ axis of tile
inter’mediate frame A’.

In this notation, c,, = cos(n)  and s,, = sin(n), where
n = rt or y. Note that there is no twist,  (roll) between
the two frames, an in)pmt,ant  f(!;LtllIY! of the Orip;inal
design. III this i~ll~)lclllexltatioll, it also will prmwnt any
pass through  wires or fihcr optic bundles from I)eing
torsiolmlly  stressed.

In Figure 6, the gear-head and hearing assenlhly
schcnlat,ic  is dcl)ictcxl, F,ach clid of the joint is conl-
poswl of planetary gear-head. Without the structure
of the universal joint)) these heads arc free to move

(1)

11

with respect to each other II]JOII  a bearing which lies
on a plallc  that is tilted 30 degrees from the perpendicu-
lar planes  of e~ch gea]-head  axes of rotation. In the
schematic of Figure  6, the frames 0, 1, 2, and 3 have
co-located origins at ~lIc  intersection of the axes of ro-
tation of the top and bottom gear-heads M well as the
bealin:;  in hetwwm  them. Frame O is the base fram c
and eac]l of the other frames are attachccl  to one of the
DOF’s of this system: frame  1 is attached to the lower
geal-hc!:d  output, fralnc  2 is attached to the output of
the bearing, and frame  3 is attached to the upper  gear-
hcad (input).  ~’he Z axis of each of these frames points
along tlie axis of rotation: Z1 for the lower gear-head,
Zz for Lhe bearing, alld ~3 for the upper gear-head.
The  rclationshil)  of fralnc  3 with respect to O is written
in ll~~liltion  1 M a holno~encous  transform that, is a
function of a rotation 01 shout, the 21 axis, a rotation
02 abotlt the Z2, and a rotation 03 ahout the 23 axis .
In this notation, c,, = COS(O,,  ) and Sn = sin(O,,  ) for
71 = 1,2,3 and C 13 : cos(t?-}03)  and Sls = sin(~l+  03),
while K, = cos(~)  and K, == siri(~).

Note that 01 and 03 arc detcmnincd  hy motor onc
al-ld t,v~o, rcsl)cct,ive]y, and OZ is not explicitly CO1l-
trollwl.  However, 02 (the hearing aligle) is none the
less constrained tjy the structure I)rovided  by the uni-
versal joint, which plevents  a twist, between the base
and u~lper frar[[c.

‘J’h I1s, the two t.ra.rlsfor’ins, fi~’ fLlld ~T, arc cquiva-

lmlt t] ansfornlatiolls  for this joint, assembly. l’he sulj-
scque)lt link is ah]c to yaw and pitch +60  dcgrcws  with
rcspcc  t, to the prcviolls  link. A singularity exists when
the pitch and yaw’ am zero, whcrC the mechanism is
only c apahlc  of an instant,ancous  yaw motion and can-
not l){:rform  an instantaneous pitch motion.
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3.2 Joint Inverse Kinematics

The inverse kinematics takes  advantage of the fact
that

#f’(a, -f) = g0T(01>U2>os)

and that the yaw and pitch angles (a, 7) arc given.
The angle 02 is solvccf for by equating the third row,
third column elelncnts  of the above transforms. In
general, two solutions are found (+02).  If CY = 7 = O,
no solution exists as the joint is in a sin~;ular config-
uration. Otherwise, & (03) is solved for by equating
elements 1,3 and 2,3 (3,1 and 3,’2) of these matrices
for both values of Oz. Finally, during real-time oper-
ation, one of the solution triplets (01, 02> 03) k chosen

based on previous locations of these  variables in order
to preserve continuity.

3.3 Joint Differential Kinematics

It is interesting to examine the differential kinematics
of the joint in terms of the sp}]erical  coordinate sys-
tem of @ and 0, where ~ is the angle measured from
the pole of the s~)herc (ZO in the CMC of l~igurc 6) and
0 is measured with respect to an axis normal to the
equator of the sp}lere (Xo in Figure 6). Constant an-
gular  velocities of the motors  can produce orthogonal
motions of the output link based on the direct,ioxi  of
rotation. ‘1’he motor  vclocitie~ til about  Z1 an{i u3

a b o u t  ~3 produce  a velocity ~ w h e n  s u b t r a c t e d  a n d

they produce a velocity e when added, m given below:

where Ki account, for the gear  ratios.

4 Control Approaches

The  high level control algorithms for serpentine ma-
nipulators must resolve the redulldaucy  issue in or-
der to perform tltc task. Approaches to this prol~-
lem incl~ldc [3, 4]. ‘1’hc  collccl~ts o f  damped  least
squares and configuration control [7] are incorporated
in [8]. ‘J’his  algorithm assumes the ti~) of the serpen-
tine rol)ot obtains  a valid trajectory (either from a
priorj  infornlation,  oll-lille sensor feedback, or ol)era-
tor input) and att,em~)ts  to have each s~lbsequcnt  link
jOlklUl t}LC [C(l(h. ~’bus, the mrx:llanism  travels snokc-
Mx through conr;cstcxl environments.

Figure 7: ‘1’he Serljcjltine  R o b o t  i n  t h e  Char-
lotte/Space Hab mock-u]).

5 inspection Applications

The Serpentine Robot is being tested in two inspec-
tion al,plications. 11, o~lc case, a genuinely hypcr-
rcdundant irl~~)le~llcr~tatior~ by adopting a macro-micro
configllration  in whic}l the Serpentine robot, is held
at the end of the much larger, 7 DOF Robotics Re-
search Corporation Model K1207 manipulator [4, 8].
Ily including  the additional linear translation of the
base of the ltlacro-])l:~l~ i~)~llat,or, this system will con-
tain 20 I) OF. The RRC  arm has been used to inves-
tigate telcrobotic  insl)cction  tasks for space station,
and with the addilio]lal  ca~~al)ilitlies of the Scrpcntinc
ILohot, the systenl  will be able to better access ob-
structed and constraillcxl  areas  of truss structures for
inser t ion.

‘1’he second al)plication  involves the Se rpen t i ne
Robot integrated with a lnock-up  of the Charlotte IVA
Robot by McI)oI]l  Lcll I)oluglas and it interacts with a
mock-up of t,hc Sl~acc Shuttle Space Hah I,aboratory.
The (;har]ott,e  rol)ot  is a cable sus})cndcd mechanism
that (’W1  I11OVC  a~)ollt  thC! CIltil(!  Op(!tl  .%Ma  Of t,h~ s~)ac~
Hab, I)ut it is unable to inspect areas that arc recessed
withitl  the Spa.cc Hal) test racks. With this design of
the S[wpcnti~le ltohot, tllcsc  reccsscd  areas  can be in-
spcctccl by a remote o})crator. Figure  7 shows the
serpentine robot witllill  this mock-up.
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6 Conclusions [7]

The JI>L %rljcntinc Robot is designed for inspection
tasks in constrained and obstructed environments (on
Earth and in space). l’he  2-DOF  joint, implementation
is well suited for these applications since it not only [8]

,ic flexibility, but it also has better
ld contains a center pass- throrrgh for

convenient packaging of clectonic  wires and fiber oljtic
cables. The kinematic solution of this joint involves [9]
analyzing the system of a universid  joint in parallel
with a 3 DOF  gcarhead-bearing-gearhead assembly.
The system is currently being evaluated two inspection
applications at the Jet I’repulsion Laboratory.
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